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ABSTRACT
Detonation to Deflagration Transition (DDT) is the process of accelerating a laminar flame
to supersonic speeds to cause a detonation. A method used to reach Chapman-Jouguet (CJ)
detonation velocities is the induction of turbulence to increase the surface area of the flame front,
increasing the consumption rate of unburned gases and the propagation speed of the flame.
Perforated plates helped achieve flame acceleration in previous studies to induce turbulence when
the flame front interacts with the turbulator; previous work also accomplished detonation speeds
with perforated plates. This work aims to visualize the flame front and perforated plate interaction
and analyze it. Also, quantify the velocity and pressure of the flame during the flame-turbulator
interaction. Experimental data was collected in a semi-confined facility using piezoelectric
pressure transducers and high-speed schlieren; for this experiment, a perforated plate was
introduced in the middle of the test section to allow for the visualization of the process and data
acquisition. The data collected of this work further validates and demonstrates the following:
acceleration of flame front using perforated plates; increase in air-fuel ratio and flame acceleration;
pressure changes and its effect on flame velocities. The schlieren images allow for the visualization
of the interaction between the flame front and the perforated plate previously done in numerical
simulations but not experimentally.
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INTRODUCTION
Deflagration-to-deflagration (DDT) is the process where a laminar flame accelerates
enough to reach supersonic velocities, transitioning into a detonation. DDT and its presence in
nature is a recurring field of study. Researchers are trying to understand and, to an extent, explain
the explosion of Type Ia Supernovae and their connection with unconfined DDT [17]. DDT
process and its implementation in engineering is a current field of study in propulsion systems.
Modern research demonstrates that the efficiency of detonation cycles is close to that of constantvolume Humphrey cycles and is more efficient than constant-pressure Brayton cycles, which most
conventional propulsion systems use [12]. The development of detonation cycle engines such as
pulse detonation engines (PDE) has demonstrated in recent studies its high efficiency and the
potential of operation at speeds ranging from subsonic to hypersonic at a lower cost than
conventional propulsion engines [18]. Other areas where research and implementation of DDT
processes are beneficial include but are not limited to the following: industrial safety, chemical
processing, and fuel storage [6] [11] [14].
Modern and previous research have collected experimental and numerical data to
understand the nature of flame acceleration by turbulent induction into the flame using turbulators
such as solid obstacles or microjets [1] [2] [15]. For this work, the turbulators used for the
experiment were perforated plates. The induction of turbulence into a flame front using turbulators
has successfully demonstrated the acceleration of a laminar flame front, reaching detonation
velocities [8]. Turbulent DDT (tDDT) is the process where turbulence is introduced into the flame
to accelerate a flame front by expanding the surface area [4] [5]. By increasing the surface area,
the front flame can consume more unburned reactants accelerating the combustion process and
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effectually detonating [6]. As a result, flame velocity increase and creates shock waves due to
pressure increase ahead of the flame [8]. In the final stage of the DDT process, the flame front had
accelerated enough to interact with the leading shock, as a result creating a detonation wave [4]
For this work, the experiment was performed in a semi-confined facility using a mixture
of hydrogen fuel and air for combustion, almost as identical as the facility used by Hytovick et al.
[7] [8] [9]. Although the experimental facility used by Hytovick is similar to the facility used for
this experiment, the facility for this experiment was modified so that the perforated can be visible
in the middle of the test section to analyze the flame-obstacle interaction. Hytovick et al.
successfully demonstrated the accomplishment of tDDT processes in a semi-confined facility
using hydrogen-based fuels and perforated plates as turbulence inducers [7]. This paper differs
from Hytovick’s because although they explain how the tDDT process can occur using perforated
plates, this work analyzes how the perforated accelerates the flame front for tDDT to occur. This
paper will contribute to Hytovick’s work since the data collected for this paper demonstrates,
quantitatively and visually, the flow dynamics of the flame front as it interacts with the perforated
plate and how the flame front accelerates as it passes through it.
Previous work has demonstrated numerically and experimentally how the flame-obstacle
interaction affects the flame front’s velocity [6] [13]. The process was divided into three different
stages to understand the transition from laminar to turbulent flames. The stages are named the
following: slow deflagration, fast deflagration, shock-flame complex.

Slow Deflagration
This section will introduce the events that happen downstream of the perforated plate. For
deflagration to occur, ignition of the fuel and oxidizer in the combustion chamber needs to happen.
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The team used hydrogen as fuel and air as an oxidizer for this experiment. Right after ignition, a
laminar flame starts to move forward, pushing gases downstream of the semi-confined facility.
The contraction of gases exerts pressure on the flame front, convecting the flame front and
reducing the flame velocity as the flame pushes forward [10]. The laminar flame is elongated along
the horizontal axis due to confinement, reducing the flame velocity [22]. The forward movement
of the flame front increases the pressure between the flame front and the perforated. The increase
in pressure is due to the expansion and contraction of the unreacted gas ahead of the flame front
and the resistance force exerted by the perforated plate [10].

Fast Deflagration
As the flame front gets closer to the perforated plate, the interaction between the two fluids
with different densities is noticeable. As the flame, with light density, interacts with the dense
hydrogen-air mix, the flame shape starts to elongate as it passes through the perforated plate; this
phenomenon is called Rayleigh-Taylor instability. Rayleigh-Taylor instability is the reason behind
the shape transition of the flame tip to jet flame [16] [19]. As this happens, pockets of unburned
reactants form downstream, at the top and bottom corners of the perforated plates [20]. The flame
behind the perforated increases in pressure as it consumes reactants. This delayed burning
upstream of the perforated plate facilitates the rest of the flame to move through the perforated
plate following the jet flame [3]. The pressure gradient before and after the perforated plate
contributes to the acceleration of the jet flame [13].

Shock-Flame Complex
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After the jet passes through the perforated plate, the flame divides into multiple flames,
expanding the surface area of the flame front due to Rayleigh-Taylor’s instabilities, increasing the
burning rate, and accelerating the flame front [13] [21]. Turbulent flames downstream of the
perforated plate form when these new flames coalesce together, decreasing surface area and flame
velocity [13]. This turbulent flame will eventually join the rest of the flame. This combination
reduces the flame velocity; however, it will increase again as the turbulent flame front consumes
more unburned reactants [21].
The rest of this paper will use quantified data to validate the flame acceleration process
explained earlier in the introduction. Schlieren and chemiluminescence images will show step by
step the process to facilitate the understanding of this paper’s findings. The purpose of this work
is to explain and analyze the flow dynamics of a flame front as it interacts with a perforated plate.
The data in this paper will validate the increase in pressure ahead of the flame front and
demonstrate how an increase in equivalence ratio accelerates the flame front [21]. An unexpected
event that occurred during testing was that the perforated plate curved outward after each run; this
opens a new area of research to see if bending the perforated plate affects the velocity of the flame
front.
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EXPERIMENTAL SETUP

Figure 1: Experimental facility

The turbulent shock tube is used to study fast flames in a semi-confined environment. The
1.5-meter-long facility, made from stainless steel, consists of the combustion chamber, the
turbulence generator, and the test section. Gases are mixed and ignited in the combustion chamber
to initiate the combustion process. Gases are introduced using a system of polyurethane tubes and
controlled using flowmeters to input the required amount of fuel and oxidizer for a specific
equivalence ratio. A hydrogen-air mixture was used as the fuel and oxidizer for this experiment.
(a)

(b)

Figure 2: (a) Perforated plate and (b) plate configuration

The perforated plates make up the turbulence generator, the section after the combustion
chamber. For this section, the perforated plate configuration can be varied to meet the test
requirements. Five perforated plates were used for this experiment, each two inches apart, and a
sixth perforated plate in the middle of the test section to collect the data necessary for this work.
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(a)

(b)
Figure 3: (a) SA1 and (b) SA-Z

After the turbulence generator, the test section is where the data is collected. The 135 mm
section contains two 25 mm quartz windows allowing 102 x 45 mm optical access. A perforated
plate was introduced in the middle of the test section to collect the data for the experiment. A
piezoelectric pressure transducer with a resolution of 500 kHz was placed upstream of the
perforated plate to quantify the pressure ahead of the flame front. The pressure transducer gives
another perspective on the flame regime. The visual data was collected via schlieren using a
Photron SAZ High-speed camera with a capture rate of 96 kHz and a resolution of 142 µm/ppx
and via broadband chemiluminescence using a Photron SA-1 High-speed camera with a capture
rate of 50 kHz. The field of view for the cameras was 71 mm x 45 mm.
The experiment begins when the fuel and oxidizer are mixed and ignited in the combustion
chamber. After igniting the gases, the subsonic flame starts to move forward. The slow deflagration
flame passes through the turbulence generator, allowing the flame front to accelerate. The
piezoelectric pressure transducer calculates the pressure from the shock wave first and then the
pressure spike from the flame front. The cameras capture the moment the flame front is visible
from the quartz windows until it leaves downstream. The schlieren and chemiluminescence images
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allow for the visualization of the interaction between the perforated plate and the flame front,
allowing the team to measure the changes in the flame front velocity.

7

RESULT AND DISCUSSION

(a)

(b)

Figure 4: (a) Schlieren and (b) chemiluminescence images of slow deflagration flame
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Figure 5: Velocity overview
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The processes explained in this section are the burning modes viewed through the quartz
windows and the data collected from the test section. After the shock wave, the camera captures
the subsonic flame entering the field of view. Tests 1, 5, and 10 best explain and compare the flame
acceleration process. Figure 4 catches the flame front of the slow deflagration flame three frames
before interacting with the perforated plate. As the flame front approaches the perforated plate, the
flame front decreases by an average of 55 percent. Tests 1, 5, and 10 show a decrease in speed
from when it enters the field of view to when it approaches the perforated plate; 226 m/s to 70 m/s,
261 m/s to 105 m/s, 437 m/s to 278 m/s, respectively.

Flame Front

Figure 6: Pressure overview

The spike in pressure from Figure 6 demonstrates the presence of the flame front
approaching the perforated plate. As the flame front approaches the perforated plate, the pressure
increases ahead of the flame. This increase in pressure is due to the contraction and expansion of
gases ahead of the subsonic flame front; also, the resistance exerted by the perforated plate
contributes to this increase in pressure [10].
9

180 µs

Figure 7: Schlieren image of the flame front as it passes through the perforated plate
200 µs

220 µs

Figure 8: Chemiluminescence image of jet flame
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The fast deflagration flame forms after the flame approach a perforated plate. In this
burning mode, the flame front accelerates as it passes through the perforated. The spike in velocity
measured in Figure 4 shows when the flame interacts with the perforated plate. The velocity speed
for tests 1, 5, 10 increased by an average of 80 percent after the interaction with the perforated
plate: 70 m/s to 648 m/s, 106 m/s to 486 m/s, 278 m/s to 1068 m/s, respectively. This increase in
speed is due to the pressure gradient before and after the perforated plate; the top pick in pressure
for each line in Figure 6 represents the flame front as it approaches the perforated plate. Figure 6
demonstrates an increase in pressure force before the perforated plate, accelerating the flame. The
elongation of the flame front is due to Rayleigh-Taylor instability (RT). Figure 7 is a
chemiluminescence image showing the formation of the jet flame as it passes through the
perforated plate.

Figure 9: Chemiluminescence image of the shock-inducing flame
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240 µs

260 µs

280 µs

Figure 10: Schlieren of the turbulent flame front after the interaction with the plate

Figure 10 shows the formation of the shock-inducing flame after the jet flame at 240 µs.
RT instability creates multiple flames after the flame front interacts with the unburned gases, seen
in Figure 8 at 220 µs. At 240 µs from Figure 10, these small flames coalesce with themselves,
creating a turbulent flame; consequently, the velocity decreases for the flame front. The fast
deflagration flame velocity decreases more than 50 percent due to the merging; 649 m/s to 212
m/s for test 1, 486 m/s to 374 m/s for test 5. A decrease in velocity couldn’t be resolved for test
10 since the flame front reaches velocities rates close to detonation after the interaction with the
perforated plate. This data validates that an increase in equivalence ratio increases the flame front
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speed. Behind the perforated plate, the pressure increases because of the delayed burning of the
rest of the reactants [13]. This event pushes the rest of the flame upstream of the perforated plate
forward, joining the turbulent flame; Figure 10 detects this at 260 µs. The flame front accelerates
after this interaction consuming the rest of the unburned reactants ahead of the flame front; Figure
9 shows where the change in brightness occurs, representing an increase in heat release.

Average Flame Velocity vs Phi
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Figure 11: Average flame velocity vs. Phi

Flame front velocities increase as the equivalence ratio increases; Figure 11
validates this with experimental data. Equivalence ratios of 0.84, 0.90, and 0.94 demonstrates an
increase average velocity of 254 m/s, 265 m/s, 567 m/s respectively. Figure 6 demonstrates
different pressure traces, each with distinct equivalence ratios. Something noticeable is that the
flame front is detected earlier with an increase in equivalence ratio than with lower ratios. This
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data validates the first statement of this paragraph. Also, Figure 5 shows that the velocity spike
increases with the increase in equivalence ratio.

Figure 12: Bending of the perforated plate for tests 1, 5, and 10
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(a)

(b)
Figure 13: Side (a) and top (b) view of the perforated plate at the end of experiment

Figure 12 shows how much the perforated plate bent at the end of test 1, test 5, and test 10.
Figure 13 shows a side and top view of the perforated plate at the end of the experiment. The
perforated plate turned as the shock wave, and the flame front passed through it. One reason could
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be that due to an increase in equivalence ratio, the flame front accelerated; as a result, exerting
more force on the perforated plate and increasing the bending. This event opens a new field of
study to see if the bending of the perforated plate affects the flame front velocity and if the bent
plate induces more turbulence in the process. An area of research related to the visualization and
imaging of the flame-plate interaction would be measuring turbulence after the exchange and
seeing how much turbulence the plate induces. Future work could measure the turbulence
generated by a flat plate and compare it with a bent plate.
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CONCLUSION
This work aims to analyze the effects of the perforated plate on a flame front. The reason
is to see how the perforated flame accelerates the flame front and analyze flow dynamics such as
the increase between the flame front and the perforated plate and the effects of equivalence ratio
on the flame front velocity. The data collected for this work validates the following: pressure
increase ahead of the flame front, increasing flame front velocities using perforated plates, increase
in equivalence ratio increases flame front speeds. Schlieren and chemiluminescence images
demonstrate how the flame front interacts with a perforated plate; this visual data helps analyze
the flame-plate interaction with quantified data and pictures to help researchers understand how it
happens.
The perforated plate bent after each test. This bending of the perforated plate opens a new
area of study to analyze the effects of a bent perforated plate on a flame front. Conclusions
regarding the impact of the bent plate on the flame front for this experiment since the equivalence
ratio increased; hence the flame velocity increased. Future investigations could examine where the
equivalence ratio is maintained constant and compare the speed of a flat plate with a bent plate;
also, compare the turbulence created by the flat plate and the bent flame and the effects on the
flame front. Future work could explore if the bent plate accelerates or decelerate a flame front and
find further applications in the study of turbulence-induced DDT.

17

LIST OF REFERENCES
[1] Ali, Mohd, et al. "Flowfield characteristics of oblique shocks generated using microjet
arrays." 49th AIAA Aerospace Sciences Meeting, including the New Horizons Forum and
Aerospace Exposition. 2011.
[2] Asato, K., et al. "Combined effects of vortex flow and the Shchelkin spiral dimensions on
characteristics of deflagration-to-detonation transition." Shock Waves 23.4 (2013): 325-335.
[3] Bychkov, Vitaly, Damir Valiev, and Lars-Erik Eriksson. "Physical mechanism of ultrafast
flame acceleration." Physical review letters 101.16 (2008): 164501.
[4] Chambers, Jessica, and Kareem Ahmed. "Turbulence Induced Deflagration-to-Detonation
Transition." 53rd AIAA/SAE/ASEE Joint Propulsion Conference. 2017.
[5] Chambers, Jessica, Kareem Ahmed, and Alexei Poludnenko. "Exploration of turbulence
driven deflagration to detonation of fast flames." 26th ICDERS (2017).
[6] Gamezo, Vadim N., Takanobu Ogawa, and Elaine S. Oran. "Flame acceleration and DDT in
channels with obstacles: Effect of obstacle spacing." Combustion and Flame 155.1-2 (2008):
302-315.
[7] Hytovick, Rachel, et al. "Hydrocarbon Turbulent Flame Acceleration from Deflagration to
Detonation." AIAA Propulsion and Energy 2020 Forum. 2020.
[8] Hytovick, Rachel, et al. "Unconfined Fast Flames Deflagration to Detonation
Transition." AIAA SciTech 2020 Forum. 2020.
[9] Hytovick, Rachel, Hardeo M. Chin, and Kareem A. Ahmed. "Investigation of Controlled
Deflagration-to-Detonation Transition of Hydrocarbon Fuels." AIAA SciTech 2021 Forum. 2021.
[10] Johansen, Craig T., and Gaby Ciccarelli. "Visualization of the unburned gas flow field
ahead of an accelerating flame in an obstructed square channel." Combustion and Flame 156.2
(2009): 405-416.
[11] Johnson, D. M., and V. H. Y. Tam. "Why DDT is the only way to explain some vapor cloud
explosions." Process safety progress 36.3 (2017): 292-300.
[12] Kailasanath, K. "Review of propulsion applications of detonation waves." AIAA
Journal 38.9 (2000): 1698-1708.
[13] Li, Quan, et al. "Experimental study of flame propagation across a perforated
plate." International Journal of Hydrogen Energy 43.17 (2018): 8524-8533.

18

[14] Luangdilok, W., E. van Heerden, and P. McMinn. "Calculation of the Probability of DDT
during Severe Accidents." NURETH-16, Chicago, August.
[15] New, T., et al. "Experimental study on deflagration-to-detonation transition enhancement
methods in a PDE." 14th AIAA/AHI space planes and hypersonic systems and technologies
conference. 2006.
[16] McGarry, Joseph P., and Kareem A. Ahmed. "Flame–turbulence interaction of laminar
premixed deflagrated flames." Combustion and Flame 176 (2017): 439-450.
[17] Poludnenko, Alexei Y., et al. "A unified mechanism for unconfined deflagration-todetonation transition in terrestrial chemical systems and type Ia supernovae." Science 366.6465
(2019).
[18] Schauer, Fred, Jeff Stutrud, and Royce Bradley. "Detonation initiation studies and
performance results for pulsed detonation engine applications." 39th Aerospace Sciences
Meeting and Exhibit. 2001.
[19] TSURUDA, TAKASHI, and TOSHISUKE HIRANO. "Growth of flame front turbulence
during flame propagation across an obstacle." Combustion Science and Technology 51.4-6
(1987): 323-328.
[20] Wang, C. J., and J. X. Wen. "The effect of a perforated plate on the propagation of laminar
hydrogen flames in a channel–a numerical study." International journal of hydrogen
energy39.36 (2014): 21335-21342.
[21] Wei, Haiqiao, et al. "Effects of the equivalence ratio on turbulent flame–shock interactions
in a confined space." Combustion and Flame 186 (2017): 247-262.
[22] Xiao, Huahua, Ryan W. Houim, and Elaine S. Oran. "Effects of pressure waves on the
stability of flames propagating in tubes." Proceedings of the Combustion Institute 36.1 (2017):
1577-1583.

19

